In this paper a detailed analysis of breakout resistance of a horizontally laid anchor plate in sandy soil is presented. To compute the distribution of soil reactive pressure on the failure surface, Kötter's equation is employed. The failure surface is assumed to be in the form of a cone. An analytical expression for the breakout resistance is derived. Results are reported in terms of the breakout factors and net breakout resistance. A comparison is made with the available experimental data and theoretical solutions.
I. Introduction
rectangular and generally they are employed as foundation elements for structures requiring resistance against breakout i.e., transmission towers, sheet pile walls and offshore floating structures. This requires an analysis of behaviour of the anchors.
Several researchers (Mors, 1959; Balla, 1961; Baker and Konder, 1966; Meyerhof and Adams, 1968; Vesic, 1971 ; Clemence and Veesaert, 1977; Sutherland et al., 1982; Saeedy, 1987; Murray and Geddes, 1987; Ghaly et al.,1991; Tom, 2012) analysed the breakout resistance of earth anchors using limit equilibrium method. Tagaya et al. (1988) introduced the theoretical formulae for the computation of the anchor pullout resistance based on elostoplastic finite element method, whereas analyses presented by Merifield and Sloan (2006) and Kumar and Kouzer (2008) , Tang et al. (2014) , Hao et al. (2014) and Bhattacharya and Kumar (2016) were based on the limit analysis coupled with finite element method.
In respect to a dense soil, Balla (1961) studied model and field results and found that, for circular closely approximated to an arc of a circle. From theoretical considerations, the angle of failure surface breakout resistance, P un which is the summation of soil weight contained in the failure zone and resistance to shearing developed on the failure surface was calculated as
3 φ φ γ (1) the height of circular anchor,γ is the soil unit weight and F 1 (ϕ, H/D), F 3 (ϕ, H/D) are the functions developed by Balla (1961) . Balla's (1961) analysis showed a good agreement for the dense sand up-to the embedment medium sand, the analysis overestimated the net breakout resistance. For embedment ratio greater than 5 even in dense sand, the analysis overestimated the breakout resistance due to deep anchor effects wherein the failure zone did not reach the ground level. Baker and Konder (1966) conducted several laboratory model tests and used dimensional analysis to predict the ultimate uplift capacity, P u as given by the following expressions. where, r and t are radius and the thickness of anchor plate respectively and H is the depth of embedment. C 1 , angle of soil internal friction and relative density of compaction. For shallow anchors, the model test results of Baker and Konder (1966) agreed well with the predictions based on Balla's (1961) theory. Meyerhof and Adams (1968) reported a semitheoretical expression for breakout resistance on the basis of laboratory tests data. For the actual failure surface, simplified geometry was assumed. The failure surface makes an angle, α with the horizontal in the where, W is the weight of cylindrical soil mass above the circular anchor and S F is the shape factor. The breakout coefficient, K u depends on soil friction angle, ϕ and was taken equal to 0.95 for ϕ varying from 30 o to 48 o . The net breakout resistance, P un was expressed as AH F P q un γ = (5) The breakout factor, F q is given as
Graphs or tables are used to obtain the coefficient, m. Vesic (1971) analysed the case of an explosive point charge for the expansion of a spherical cavity located close to the surface of a semi-infinite, homogeneous and isotropic ground. At the ground case of a circular anchor embedded in sand, the breakout pressure, q u was computed as q u F A H q γ = (7) where, A is the area of circular anchor and F q is the breakout factor. The values of F q are computed for ϕ ratios in the range, 0.5 to 8. Clemence and Veesaert (1977) studied the results of laboratory experiments and made an approximation of the observed failure surface to an inverted truncated cone with an apex angle of ϕ/2, going upwards from the anchor base. The breakout resistance includes the weight of soil within this cone and the shearing resistance developed along the failure surface. For shallow laid circular anchors, the net breakout resistance, P un was estimated in terms of the breakout factor, F q as given by the following expressions. 2  tan  33  .  5  2  tan  8  4  3   2  tan  5  .  0  2  cos  tan  4   2   2 
where, K 0 is the coefficient of lateral earth pressure at rest. Murray and Geddes (1987) have reported the solutions with both limit equilibrium and limit analyses and made a comparison of the solutions with experimental results for a circular anchor. With the limit equilibrium analysis, the ultimate breakout resistance, P u was expressed by the following equation. 
where, μ is the compaction factor which is the function of relative density of compaction.
(1963), Mariupol'skii (1965), Kananyan (1966) , Adams and Hayes (1967) and Sakai et al. (2007) . A number of these studies were primarily concerned with testing foundations for transmission towers (Mors, 1959; Balla, 1961; Turner, 1962 and Ireland, 1963) .
In the present study, a total of seven experimental results (Balla, 1961 Semi-empirical relationships are also available to estimate the breakout resistance of anchors in sand. This refers to the field and/or model testing on horizontal circular anchors or belled piles by Balla (1961) , Sutherland (1965) and Baker and Konder (1966) The analysis is confined to embedment ratios, λ to the frustum of a cone, making an angle α with the horizontal and meeting the ground level.
To compute the vertical soil reaction, R v acting on the failure surface, Kötter's (1903) 
The breakout resistance is finally obtained with the summation of R v and total weight, W of soil mass contained in the failure zone. a) Failure Surface Geometry some initial trials, the following expression for α is chosen for the analysis. (14) where, dp is the elemental soil reaction pressure along the failure surface, ds is the elemental failure surface length, ϕ is the soil friction angle, dα is the elemental angle and α is the angle of failure plane made by the tangent at the point under consideration with the horizontal.
Estimation of Uplift Capacity of Horizontal Plate Anchor in Sand and Geddes, 1987) and two field test results (Sutherland et al., 1982; Tucker, 1987) With dp as the elemental reactive pressure, dR becomes the elemental soil reaction on the element area ( r. dθ. ).
The elemental soil reaction, dR is then expressed as dA dP dR . = (18) where, dA r d ds = θ 
Substituting Eqs. (18) and (19) into Eq. (17), the elemental soil reaction, dR is obtained as
Substituting Eq. (21) into Eq. (20) , the elemental soil reaction, dR is rewritten as (22) Or, In the failure wedge shown in Figs. 3b and 3c, ds). The height of this element is dH, with a slanted height ds and it is located at a distance, s as measured from the ground surface.
From Fig. 3a , the distance, s is obtained as 
where, A is the area of horizontal circular anchor plate.
III. Comparison with the Experimental Data
The results of theoretical predictions (Balla, 1961 in cohesionless soil medium. It is easy for hand and W 2 for the weight of the inverted cone below the
Murray and Geddes, 1987) are presented in Table 1a and comparisons with two field results reported by Sutherland et al. (1982) and Tucker (1987) are   deviations of the theoretical solutions with respect to the  experimental results are reported in Tables 2a and 2b . sabsolute deviations in the range of 2% to 45%. The solution proposed by Meyerhof and Adams (1968) shows deviations in the range, 2% to 45% in 51 cases and in the remaining cases, the range is 55% to 100%. Predictions based on the solution proposed by Vesic (1971) show deviations in the range of 2% to 45% for 22 cases and in the remaining 27 cases, the deviations are as high as 50% to 100%.
The method of Clemence and Veesaert (1977) shows deviations in the range, 2% to 45% for 34 cases and in the remaining 19 cases, the deviations are as high as 50% to 100%. The solution proposed by Murray and Geddes (1987) shows absolute deviations in the range of 2% to 45% for 51 cases and in the remaining 2 cases, the deviations are as high as 50% to 100%. Saeedy's (1987) method shows deviations in the range, 2% to 45% in 46 cases and in the remaining case, the range is 55% to 100%.
The proposed solution shows deviations in the range, 2% to 45% in 52 cases and in the remaining case, the range is 55% to 100%. Proposed solution and Saeedy's (1987) method show errors in the range, 0% to 5% in 9 and 12 cases respectively, whereas, in respect to the other methods, only 0 to 8 cases show deviations in this range.
From the above discussion it is seen that, Balla's (1961) method makes better predictions in 96% of the cases when compared to the experimental data.
Estimation of Uplift Capacity of Horizontal Plate Anchor in Sand
In general, Balla's (1961) method shows a good agreement for dense sand up-to the embedment ratio of 5. It requires a chart for using the required functions. Vesic's (1971) method shows a good performance in 45% of the cases. However, it also requires a chart or The method of Meyerhof and Adams (1968) makes good predictions in 96% of the cases; but two charts are needed to select the proper values of the net breakout factor and the shape coefficient. The method of Clemence and Veesaert (1977) makes good predictions in only 64% cases. It involves an assumption in respect to the coefficient of earth pressure at rest.
The proposed analysis method considers failure surface in the form of frustum of a cone. It makes predictions that are very close to the experimental values in 98% cases. Thus, the performance appears to be superior to the other methods. Although the proposed analysis makes an approximation while using Kötter's (1903) equation, it is improved with a proper selection of the angle, α as per Eq. (12) . The integration is fairly simple, yielding a closed form expression for the net uplift resistance (Eq. 29), which is easy for calculations, with no need for graphs or tables. Kötter's (1903) equation plays a significant role in the analysis.
IV. Conclusions
The proposed analysis method is simple giving a closed form solution. It is also easy for hand calculations. Kötter's (1903) equation is successfully employed for axi-symmetric conditions with a proper choice of angle at which the failure surface intersects the ground level. No assumptions are necessary for the coefficient of earth pressure and the results show a very close agreement with the experimental data.
